Abstract: This paper reports the numerical and experimental results of a high-Q silica-onsilicon spiral resonator to be used in microoptical gyroscopes having a potential resolution G 10 /h. First, demonstration of a Ge:SiO 2 waveguiding spiral cavity as sensing element for gyro applications is given, and results of its optical characterization are provided. Quality factor, finesse, free spectral range, and thermal stability have been measured, clearly showing the potential of the device for gyro applications. The effect of coupling tuning through micrometer scale heaters and the supported eigenstates of polarization have also been experimentally investigated. The thermal stabilization of the silica chip is realized using a thermoelectric cooler co-packaged with the resonant cavity. The Q-factor of the spiral exceeds 10 6 , and the thermal drift of the resonance frequency is very low (G 20 kHz/s). An original formula estimating the bias drift due to the Kerr effect has been derived, proving that a bias drift of 0.2 /h can be achieved by controlling the polarization noise. The resolution of the angular velocity sensor has been numerically estimated by exploiting the experimental results. We demonstrate that the resolution of our device can be improved to values less than 10 /h, by decreasing both the propagation loss within the resonator (G 0.05 dB/cm, which is currently achievable) and the cavity insertion loss to 1-2 dB (typical value).
Introduction
In the last few years, miniaturization of both mechanical and optical gyroscopes has been identified as a crucial research target because the high-performance angular velocity sensors currently available on the market often do not fully meet the requirements in terms of weight, volume, and power consumption of several emerging applications (e.g., inertial navigation of micro-and nanosatellites) [1] .
Silicon-based MEMS angular velocity sensors [2] , which are compact mechanical gyroscopes based on the Coriolis effect, are commercially available devices and have a constantly growing market.
Unfortunately, with a resolution 9 100 /h, they have not yet reached the performance requested by inertial navigation systems (INSs; G 10 /h) and some reliability issues still remain. Optical gyroscopes [3] based on either semiconductor ring lasers (SRLs) or passive cavities were first proposed about four decades ago [4] , [5] . Currently, they are the topic of intense research effort aimed at the development of a new generation of optical gyros having reliability, resolution, and bias stability compatible with inertial navigation applications while being more compact and having lower power consumption than conventional optical gyros (He-Ne ring laser gyroscope and interferometric fiber optic gyroscope), which currently cover a wide performance range (resolution from 0.01 to 10 /h). SRL-based gyros [6] - [9] have a very small area ðfootprint G 1 cm 2 Þ and low power consumption. However, they suffer from backscattering and mode competition within the active semiconductor cavity and require a significant dithering to operate.
Optical angular velocity sensors based on a single passive resonator [10] , which are considered ideal candidates for optoelectronic gyro scaling, exploit the resonance frequency shift suffered from a rotating optical cavity (sensing element). The resonator quality factor Q has to be maximized because it strongly affects the resolution of these devices. Therefore, large-area cavities with high Q-values ðQ 9 10 5 Þ realized using either optical fibers [11] or low-loss integrated optical technologies (e.g., glass or silica-on-silicon) [12] , [13] are usually key components of these sensors. Resonators with a loss compensation mechanism such as the integration of an amplifying section along the optical path have also been proposed in this context [14] .
Resonant fiber-optic gyroscopes (RFOGs) perform very well (resolution less than a few tens of /h [15] - [18] ), but unfortunately, they cannot be miniaturized because the size of their sensing element has to be 9 40 cm 2 to avoid too high bending loss in the fiber resonator. In [19] , an RFOG including the most compact sensing element available to our knowledge (an air-core fiber resonator occupying an area 9 50 cm 2 ) shows a resolution of 200 /h, assuming the sensor bandwidth ¼ 1 s. Integrated gyros based on planar passive cavities [also called resonant microoptical gyros (RMOGs)] have recently reached good compactness and interesting values of minimum detectable angular velocity (several hundreds of /h with a sensing element footprint ¼ 6:3 cm 2 [20] ). In any case, further improvements are needed to achieve the resolution range 1-10 /h that is required by new key application domains (e.g., planetary rovers) and currently uncovered by silicon MEMS gyros.
The state of the art of resonant optical gyros (RFOGs and RMOGs) is summarized in Fig. 1 . RMOGs are still far from the 1-10 /h resolution range, while RFOGs are not able to scale to the level demanded by current miniaturization trends. RMOG prototypes proposed in the literature include packaged optoelectronics components in different technologies that are connected by optical fibers. Hybrid integration of these components, for example by silicon optical bench (SiOB) technology, is an engineering activity with a few critical aspects that may allow the realization of a single-axis gyro with a volume less than 30 cm 3 . A volume that seems to be hardly achievable using RFOG technology.
In this paper, we report on the optical characterization of a high-Q silica-on-silicon resonator having a spiral configuration with a length of 42 cm and a footprint of 20 cm 2 . The aim of our paper was the design and fabrication of an RMOG with a sensing element area G 20 cm 2 and a resolution close to 10 /h. To our knowledge, the characterized device is the first experimental demonstration of a spiral cavity for angular velocity sensing.
On the basis of the experimental results, we discuss the potential performance of the RMOG based on the spiral cavity by also introducing an original expression of the bias drift induced by the Kerr effect.
Preliminary results of the optical characterization was reported and briefly discussed in [21] , where only the cavity spectral response was shown. In this paper, additional important features of the resonator are provided, together with details on how to experimentally build the spectral response of the sensor and a complete numerical prediction of the gyro performance.
Experimental Characterization of the Resonator
The integrated optical resonator used has a three-loop spiral configuration, which was selected to increase the optical path of the resonant modes within the cavity, avoiding a too large footprint.
The manufactured spiral, which was modeled and designed in [22] and [23] , is 42 cm long, and was made using a single-mode 6 m Â 6 m Ge-doped silica waveguide ðeffective index ¼ 1:457Þ. The index contrast between the Ge-doped silica and the undoped silica surrounding the core is 0.75%. Flame hydrolysis deposition (FHD) technology was exploited for the device fabrication.
The value of spiral length has been chosen after an accurate optimization achieved through a complete physical model of the angular velocity sensor [24] .
The standard deviation of sidewall roughness in the silica waveguide was about 200 nm. Experimentally measured propagation loss of the guiding structure was equal to 0.1 dB/cm [23] for the TE polarization. The agreement between that value and the loss numerically predicted in [25] is very good.
The two crossing points in the spiral (see the sensing element configuration in Fig. 2 ) were designed with an angle close to 90 in order to make their optical losses G 0.01 dB. The cavity is evanescently coupled to two straight bus waveguides and the coupling ratio between these waveguides and the resonator can be thermally tuned by two heaters placed near the couplers. The bus waveguides are butt coupled to single-mode polarization maintaining fiber pigtails. The resonator is thermally stabilized by a thermoelectric cooler (TEC).
The characterization setup for the estimation of the resonator spectral response (see Fig. 2 ) has been already described in [21] . It includes a thermally stabilized laser module operating at 1.55 m, the laser controller, two Ge photodetectors, a fiber polarization controller, a signal generator, an oscilloscope, and a TEC controller.
The laser emission frequency (linewidth G 10 kHz) can be tuned through either piezoelectric tuning (in the 300-MHz range) or thermal tuning (in the 30 000-MHz range). The piezoelectric tuning is linear and fast (modulation speed up to 30 kHz), whereas the thermal tuning is slow.
To evaluate the spectral response, the sensing element is excited by the laser source whose emission frequency is linearly tuned in a 300-MHz range by applying to the laser controller a triangular waveform generated by the signal generator. The laser scans a 300-MHz section of the resonator spectral response, as shown in Fig. 3(a) . Since the cavity free spectral range (FSR) is 500 MHz, the scanned section only includes a portion of the spectral response. Therefore, several acquisitions of the oscilloscope waveforms are needed to reconstruct the whole spectral response. These acquisitions are performed for different values of the laser central frequency, which can be thermally tuned within the 30 000-MHz range [see Fig. 3(b) ].
Normalized spectral responses of the silica-on-silicon cavity at both the through and drop port were reported in [21] and are shown in Fig. 4 as the result of the laser scanning illustrated in Fig. 3 .
A significant value of the resonance depth at the through and drop port was obtained. Measured values of full width at half-maximum and FSR allowed to calculate the quality factor Q as high as 1:5 Â 10 6 and the finesse F ¼ 4:2. Using the measured spectra, the coupling ratios 1 and 2 and coupler loss have been estimated by a nonlinear curve-fitting technique (see Table 1 ). These values were calculated with the coupler tuning control switched off. The coupling ratio values are very close to the designed ones, which were selected to optimize the quality factor while keeping the resonance depth 9 6 dB.
A chip temperature change induces a drift of the resonance frequency. We first measured the thermal drift of the resonance frequency without connecting the sensing element to the TEC controller. Without any thermal stabilization, the resonance frequency drift is about 200 Ä 400 kHz/s. When the TEC controller is switched on and connected to the Peltier cell co-packaged with the silica chip, the drift decreases to 20 kHz/s.
The thermal drift was measured in our laboratory, where the temperature was about 25 C AE 1 C over a few hours. The TEC controller has a resolution of 0.01 C, an accuracy of AE0:1 C, and Coupler parameters estimated on the basis of the experimental measurements The coupling ratio of both couplers were tuned with two heaters, observing that the current injected in the heaters decreases the coupling ratio and increases the coupler loss.
The coupling ratio 1 was thermally tuned in the range 14 Ä 36% and 2 kept constant at 17%. The through spectral response was observed for three different values of 1 (see Fig. 5 ).
Due to the increase in the coupler loss, the tuning induces a linewidth widening and consequently a Q-factor decrease. The resonance depth also decreases. Table 2 summarizes the cavity performance measured when 1 is changed by injecting the current I in heater 1 to control coupler 1.
As in the case of the 1 variation, the tuning of 2 , keeping 1 constant, and the tuning of both coupling ratios cause both a degradation of the sensing element performance in terms of Q-factor and resonance depth, and a decrease in the resonance thermal stability.
As demonstrated in [26] , two eigenstates of polarization (ESOPs) can be excited in the resonator. Since the waveguide index contrast is low ð¼ 0:75%Þ and the spiral bending radius is large (9 2 cm), the coupling between the two ESOPs and, in turn, the polarization conversion within the cavity can be neglected. As in the case of the fiber ring resonator, the two ESOPs of the silica cavity can be considered as orthogonal.
The two ESOPs resonate at different frequencies and the difference between them is proportional to the waveguide birefringence (difference between the effective indices of the quasi-TE and quasi-TM modes). Since the waveguide has a birefringence of about 7 Â 10 À7 , the difference between the resonances of the two ESOPs is about 100 MHz.
The polarization controller included in the characterization setup allows either one or both the ESOPs to be excited (see Fig. 6 ). The excitation of just one ESOP implies that the state of polarization (SOP) of the input beam is matched to the excited ESOP. This matching condition can be achieved by regulating the PC. The mismatch between the input SOP and the excited ESOP induces a drift of the resonance frequency and a change of the spectral response shape (in particular, the resonance depth decreases), as clearly shown in Fig. 6 .
Gyro Performance Discussion
Data provided by the experimental characterization of the sensing element, namely, the spiral cavity, allow the estimation of the two key performance parameters of our sensor prototype, i.e., the sensor resolution (or minimum detectable angular velocity) and the bias drift.
Our sensor has a closed-loop configuration and the readout system is based on phase modulation spectroscopy. Key prototype components are the laser and the PDs already included in the characterization setup (see Fig. 2 ), two phase modulators and two acousto-optic frequency modulators (AOMs) for processing both optical beams coming out of a beam splitter placed at the laser output, and an electronic module with a two channel lock-in amplifier and a digital section implementing the readout algorithm.
The two beams coupled in the cavity excite two counterpropagating resonant modes having the same resonance order. Resonant frequencies of these modes are split by rotation, and according to the Sagnac effect, the difference between them ðÁÞ is proportional to the angular rate applied to the cavity. The measurement of this difference, which yields the angular velocity, is carried out by the readout optoelectronic circuit that includes the electronic module, photodiodes, and modulators.
Since the average optical power at the input of the photodiodes P pd , is typically in the range of W or mW, we assume that the resolution is shot noise limited. The shot-noise-limited resolution of frequency-sensitive gyros based on a passive cavity is given by [26] 
where
S is the sensor operating frequency (¼ 193 THz, corresponding to an operating wavelength of 1.55 m), S is the gyro scale factor in terms of Á=, B is the sensor bandwidth, h is Planck's constant, and pd is the quantum efficiency of the two photodiodes. Fig. 6 . Resonator spectral response at the through port in three operating conditions, i.e., the input SOP is matched with the ESOP 1 , the input SOP is matched with the ESOP 2 , the input SOP is not fully matched with the ESOP 1 .
The two fundamental parameters influencing are the product Q Á S and the average power at the input of the photodiodes. The quality factor mainly depends on the propagation loss within the optical cavity, whereas S can be enhanced only by increasing the resonator footprint (we assume that the sensor operating wavelength is constant). The average power at the photodiode inputs depends on both the laser power and the total loss suffered from the optical beam along its path from the laser to the photodetectors.
In Fig. 7 , the resolution dependence on the Q Á S product for four P pd values is shown. Log scale has been used for both axes. We assume B ¼ 1 Hz and pd ¼ 0:9. The resolution decreases when Q Á S increases, for all P pd values. For a specific value of Q Á S, decreases when P pd increases. Since an improvement of can be achieved by increasing either the product Q Á S or the average power at the photodiodes, the four strategies listed in Table 3 can be used for resolution enhancement. Limitations imposed by technological constraints and/or potential critical aspects are highlighted for each approach.
As reported in [21] , we obtained Q Á S ¼ 4:32 Â 10 10 (Q ¼ 1:5 Â 10 6 and S ¼ 2:88 Â 10 4 ) and the measured P pd ¼ 10 W, which is quite low also because of nonoptimized fiber/waveguide coupling. The shot-noise-limited gyro resolution, estimated by (1), is equal to 156 /h. This value is about 7% better than the value theoretically estimated for the prototype reported in [20] .
To improve the value of the figure of merit Q Á S without enlarging the sensor footprint, a higher value of Q is required. This can be achieved by optimizing the resonator fabrication process to decrease the propagation loss below 0.1 dB/cm. Since the sensing element footprint is already large (about 20 cm 2 ), an improvement of Q Á S can be only achieved by increasing Q. This can be done. For example, if the propagation loss is halved, the quality factor increases by about 20%. In this case, the target performance ¼ 10 /h is achieved for P pd ¼ 1 mW. From Fig. 7 , it can be observed that, for Q Á S ¼ 4:32 Â 10 10 and P pd ¼ 2:4 mW ð¼ 3:8 dBmÞ, we obtain ¼ 10 /h. This P pd value can be achieved if the total loss suffered from the optical beam along the whole optical path is equal to 13.6 dB, which is fully compliant with both the performance Fig. 7 . Gyro resolution dependence on the Q Á S product for several values of P pd . In the inset, the dependence on P pd for Q Á S ¼ 4:32 Â 10 10 is shown.
of market-available components forming the prototype and the state of the art of silica-on-silicon technology.
The gyro bias drift is due to two contributions, i.e., polarization noise and the Kerr effect. The contribution due to backscattering is negligible because the sensing element is excited by two beams at different frequencies (the prototype includes two independent AOMs), and thus, the counterpropagating resonant modes excited within the cavity are decoupled.
For each beam exciting the cavity, the condition of full matching between the input SOP and one of the two ESOPs has to be fulfilled. The input SOPs and/or the ESOP to be excited change with mechanical vibrations and/or thermal fluctuations, and this can perturb the matching condition, inducing in turn a resonance drift and, thus, contributing to the gyro bias drift.
Due to fabrication tolerances, the optical intensities (I 1 and I 2 ) of the two cavity resonant modes may be different. Because of the Kerr effect, the difference ÁI between the intensities induces a bias in the gyro output, which is given by the following expression, derived in the Appendix:
where A eff is the waveguide effective area (about 40 m 2 ), and n 2 is the waveguide nonlinear-index coefficient ð¼ 2:6 Â 10 À20 m 2 =WÞ. The drift of ÁI, which is due to the drift of the beam splitter and the two couplers realized on the silica chip, contributes to the gyro bias drift. Equation (3) shows that Á is inversely proportional to the sensor scale factor. This means that a scale factor increase induces a reduction of the bias drift due to the Kerr effect. The increase of the scale factor implies the increase of the resonator footprint, which we assumed not exceeding a few tens of cm 2 . Thus, reasonable values of S are less than 5 Â 10 4 . In our prototype, the main contribution to the bias drift is due to the Kerr effect. In fact, we verified that the mismatch between the input SOPs and the cavity ESOPs is always G 0:5 , and thus, using the mathematical model reported in [26] , we can conclude that the bias drift due to polarization noise is ( 1 /h. The intensities of the two resonant modes are approximately equal to 100 W, and the drift of I 1 and I 2 is equal to 1%. Thus, the drift of both I 1 and I 2 is 1 W (1% of 100 W), resulting in ÁI ¼ 2 W, which induces a gyro bias drift of 0.2 /h. The drift of I 1 and I 2 could be reduced to 0.5% by substituting the fiber beam splitter currently used with another one realized using silica-based planar lightwave circuit technology. In this case, the bias drift induced by the Kerr effect should be about 0.1 /h. Recently [19] , a gyro based on an air-core fiber has been proposed to reduce the Kerr-induced drift and thermal polarization instability. 
Conclusion
Both experimental results on the first high-Q spiral resonator for angular velocity sensing and calculated performance of the RMOG including that resonator are presented in this paper.
Optical characterization of the sensing element is reported and discussed, together with the evaluation of the cavity performance and how to improve it. The quality factor is 1:5 Â 10 6 , the finesse is 4.2, and the resonance thermal drift is reduced down to 20 kHz/s, after thermally stabilizing the silica chip. The resonator supports two orthogonal ESOPs resonating at two frequencies that exhibit a difference of 100 MHz, which means that the waveguide birefringence is of the order of 10 À7 . The effect of mismatch between the input SOP and the two eigenstates on the resonance frequency has been demonstrated.
The gyroscope resolution was calculated by assuming that it is limited by the shot noise. An original formula has been derived to predict the Kerr-effect bias drift, and the key physical parameters influencing that noise source have been identified. We have theoretically proved that a bias drift of about 0.2 /h can be achieved after implementing appropriate technological solutions for polarization noise mitigation.
To our knowledge, we have demonstrated for the first time, on the basis of both theoretical and experimental results, the possibility of realizing an RMOG, including a spiral waveguiding resonator, with a resolution G 10 /h, a volume of a few tens of cm 3 , and a weight G 1 Kg, which would represent a significant advance of the state of the art.
To experimentally verify the predicted performance, we are now designing the test bench to characterize our RMOG prototype under rotation. The electronic board to be included in the readout optoelectronic system has already been designed, fabricated, and tested.
